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act up Controls Actin Polymerization to Alter
Cell Shape and Restrict Hedgehog Signaling
in the Drosophila Eye Disc
the arrest of cells in the furrow in the G1 phase of the
cell cycle (Horsfield et al., 1998) and to initiate the first
phase of gene expression in photoreceptor precursors
(Greenwood and Struhl, 1999). Hh also drives the ex-
pression of atonal, which encodes a helix-loop-helix
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New York, New York 10016 protein required for the formation of the first photorecep-
tor in each cluster, R8 (Jarman et al., 1994, 1995; Domin-
guez, 1999; Greenwood and Struhl, 1999). Finally, Hh is
Summary necessary and sufficient to initiate the cell shape
changes that occur in the furrow (Heberlein et al., 1993,
Cells in the morphogenetic furrow of the Drosophila 1995; Ma et al., 1993).
eye disc undergo a striking shape change immediately The actin cytoskeleton has been implicated in mediat-
prior to their neuronal differentiation. We have isolated ing cell shape changes in many systems (Sutherland
mutations in a novel gene, act up (acu), that is required and Witke, 1999). Filamentous (F) actin is assembled
for this shape change. acu encodes a homolog of yeast from monomeric (G) actin subunits, with kinetics that
cyclase-associated protein, which sequesters mono- favor addition of subunits to the barbed ends of the
meric actin; we show that acu is required to prevent filaments and dissociation of subunits from the pointed
actin filament polymerization in the eye disc. In con- ends. This process is regulated by a variety of proteins
trast, profilin promotes actin filament polymerization, (Ayscough, 1998). Profilin binds to actin monomers and
acting epistatically to acu. However, both acu and was originally thought to sequester them (Carlsson et al.,
profilin are required to prevent premature Hedgehog- 1977), preventing polymerization. However, more recent
induced photoreceptor differentiation ahead of the findings suggest that profilin acts as a nucleotide ex-
morphogenetic furrow. These findings suggest that change factor for actin (Goldschmidt-Clermont et al.,
dynamic changes in actin filaments alter cell shape to 1992) and promotes the elongation of actin filaments at
control the movement of signals that coordinate a their barbed ends (Pantaloni and Carlier, 1993; Perel-
wave of differentiation. roizen et al., 1996; Suetsugu et al., 1998). ADF/cofilin
stimulates pointed end depolymerization, increasing the
Introduction
G actin pool and promoting filament turnover (Carlier et
al., 1997). Capping and severing proteins also limit theChanges in cell shape occur frequently throughout de-
length of filaments (Ayscough, 1998). GTPases of thevelopment (Sutherland and Witke, 1999), often in order
Rho family appear to regulate actin filament dynamicsto effect morphogenetic movements (Kimberly and Har-
in response to extracellular signals (Van Aelst anddin, 1998). A striking example of a transient shape
D'Souza-Schorey, 1997).change not associated with cell movement occurs in
Cyclase-associated protein (CAP) was first identifiedthe Drosophila eye disc (Ready et al., 1976; Tomlinson
in yeast as a protein required for RAS activation of ade-and Ready, 1987). An indentation known as the morpho-
nylate cyclase (Fedor-Chaiken et al., 1990; Field et al.,genetic furrow progresses across the eye disc from pos-
1990; Kawamukai et al., 1992). Loss of CAP was alsoterior to anterior, caused by a transient contraction of
shown to alter the actin distribution in yeast cells andcells in the apical-basal dimension and a constriction
to make them grow poorly on rich medium; these defectsof their apical surfaces (Ready et al., 1976; Heberlein and
were caused by mutations in its C-terminal domain andMoses, 1995). Cells organize into clusters and express
could be suppressed by overexpression of profilin (Gerstmarkers of photoreceptor differentiation shortly after
et al., 1991; Vojtek et al., 1991). Yeast CAP and its homo-emerging from the morphogenetic furrow. However, the
logs in other species contain a C-terminal actin mono-significance of the cell shape changes has not been
mer-binding domain that can inhibit actin filament poly-determined.
merization (Gieselmann and Mann, 1992; Freeman et al.,The secreted protein Hedgehog (Hh) is required for
1995; Gottwald et al., 1996; Zelicof et al., 1996). Thisboth initiation and progression of the morphogenetic
function has been highly conserved throughout evolu-furrow; it is first expressed in a patch at the posterior
tion, as mouse and human CAP homologs can comple-margin of the eye disc, and then in the photoreceptors
ment C-terminal CAP mutations in yeast (Matviw et al.,as they differentiate (Heberlein et al., 1993; Ma et al.,
1992; Vojtek and Cooper, 1993). Localization of CAP to1993; Dominguez and Hafen, 1997; Royet and Fin-
cortical actin patches is mediated by a proline-rich re-kelstein, 1997; Borod and Heberlein, 1998). Hh activates
gion of the protein that binds SH3 domains (Freemanthe expression of decapentaplegic (dpp), which en-
codes a homolog of bone morphogenetic proteins 2 and et al., 1996).
4, in a stripe in the morphogenetic furrow (Heberlein et We have isolated mutations in a novel gene, act up
al., 1993, 1995; Ma et al., 1993). Dpp appears to maintain (acu), that encodes a Drosophila homolog of CAP. acu
is required to prevent excessive accumulation of actin
filaments in the eye disc, suggesting that the Acu protein* To whom correspondence should be addressed (e-mail: treisman@
saturn.med.nyu.edu). functions in the same way as yeast CAP. We show that
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Figure 1. acu Mutant Cells in the Eye Disc Differentiate Precociously
(A) and (C)±(E) show third instar eye discs stained with anti-Neuroglian (A), anti-Atonal (C), or anti-Elav (D±E) in brown, and X-gal to reveal
arm-lacZ expression (A) or dpp-lacZ expression (C±E) in blue. (B) shows a third instar eye disc stained with anti-Atonal in green and anti-b-
galactosidase in red. In (A) and (B) acu mutant clones are marked by the absence of blue or red staining respectively, reflecting arm-lacZ
expression. In (C), an acu mutant clone is present but unmarked. Arrows in (A)±(C) indicate acu mutant cells that express differentiation
markers more anteriorly than surrounding wild-type cells. (D) shows a wild-type disc, and (E) shows a disc from which all acu function has
been removed by making clones in a Minute background. The pattern of differentiation is very disorganized. White arrowheads in (A)±(D) show
the position of the morphogenetic furrow in wild-type regions of the disc. (F) shows an acu mutant clone at the wing margin marked with
yellow; the arrow indicates a mutant bristle.
acu is required for cells to change shape in the morpho- below. In the eye disc, clones of acu mutant cells over-
genetic furrow, and that it also prevents premature neu- lapping the morphogenetic furrow expressed markers
ronal differentiation in the eye disc, probably by re- of photoreceptor differentiation, such as Neuroglian
stricting the movement of Hh. We have also investigated (Bieber et al., 1989), Atonal (Ato) (Jarman et al., 1994),
the role of profilin, encoded by the chickadee (chic) gene and decapentaplegic-lacZ (dpp-lacZ) (Masucci et al.,
(Cooley et al., 1992) in the eye disc, where we find that 1990; Heberlein et al., 1993) more anteriorly than sur-
it is required for actin filament polymerization. However, rounding wild-type cells (Figures 1A±1C). As differentia-
chic affects cell shape changes and coordinated neu- tion proceeds from posterior to anterior, this represents
ronal differentiation in the morphogenetic furrow in the an acceleration of differentiation in acu mutant cells.
same way as acu. These observations suggest that api- However, many cells in more posterior acu clones failed
cal constriction resulting from dynamic alterations in to differentiate as neurons (Figure 1A) and later ap-
actin filaments controls the spread of Hh to produce a peared to die, leaving scars in the adult eye (data not
tightly organized band of photoreceptor differentiation. shown). Removal of acu function from the entire eye
disc by inducing clones in a Minute background (Morata
and Ripoll, 1975) with FLP recombinase expressed fromResults and Discussion
the eyeless promoter (Newsome et al., 2000) resulted in
a severe disorganization of the pattern of differentiationact up Is Required to Prevent Premature
in the eye disc. dpp-lacZ is normally expressed in thePhotoreceptor Differentiation
morphogenetic furrow, preceding expression of the neu-In the course of a genetic mosaic screen for new muta-
ronal protein Elav (Robinow and White 1991; Heberleintions affecting early eye development (see Experimental
et al., 1993; Treisman et al., 1995). In the absence ofProcedures), we isolated two ethyl methanesulfonate
acu, dpp-lacZ was expressed in very abnormal patterns(EMS)-induced lethal alleles of a novel gene that we
have called act up (acu) for its effect on actin described and Elav-expressing photoreceptors appeared to be
acu Controls Cell Shape and Differentiation
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Figure 2. Cloning and Expression of acu
(A) shows a map of the acu genomic region with BamHI sites (B) indicated. The positions of the two P element insertions causing acu mutations
are shown by inverted triangles. Exons are indicated by boxes and the coding region is colored black. (B) shows a sequence comparison of
Acu (fly) with human, mouse, and S. cerevisiae (yeast) CAP proteins. Black boxes surround amino acids identical in Acu and one or more of
the other sequences, and gray boxes surround amino acids homologous between other sequences but not shared by Acu. Asterisks indicate
the tryptophan residues mutated to stop codons in acuE593 (W141) and acuE636 (W145), and an arrow indicates the beginning of the C-terminal
domain used to make UAS-acuC (R207). (C) shows in situ hybridization to acu RNA in wild-type embryos (1±3), an embryo homozygous for
l(2)06955 (4), and a wild-type eye-antennal disc (5). acu RNA is present throughout early embryos (1), at regions of cell invagination in
gastrulating embryos (2), and in the nervous system after germ band retraction (3), and its level is much reduced by the P element insertion
(4). It is present anterior to the morphogenetic furrow in the eye disc (5).
randomly scattered over the eye disc (Figure 1E). Thus, development, as females with acu mutant germline
clones failed to lay eggs, indicating a requirement foracu is required for the organized progression of photore-
ceptor differentiation. acu in oogenesis.
We also examined the effects of acu on other tissues.
acu mutant bristles at the wing margin had abnormal acu Encodes a CAP Homolog
We found that acu mutations failed to complement theshapes and sizes (Figure 1F) and were sometimes miss-
ing (data not shown). Zygotic loss of acu function caused deficiency Df(2L)S3, which removes polytene chromo-
some bands 21D2±22A1. We tested available P elementlethality with a variable onset, from the embryonic to
second instar larval stages. We could not evaluate the insertions in this region for failure to complement acu,
and identified two lethal P element alleles of acu,role of any maternal contribution of acu in embryonic
Cell
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to rescue the acu mutant phenotype, we conclude thatTable 1. Rescue of the acu Mutant Phenotype by Full-Length
Acu or the C-Terminal Domain of Acu acu encodes a Drosophila CAP homolog.
Adult Pupal Number
acu Is Required to Prevent ExcessiveConstruct Viability (%) Viability (%) Scored
Actin Polymerization
UAS-acu1 49 72 167
The N-terminal domains of the S. cerevisiae and S.UAS-acu4 75 79 278
pombe CAP proteins bind to and activate adenylateUAS-acuC4 75 80 186
cyclase (Gerst et al., 1991; Kawamukai et al., 1992).UAS-acuC3 0 74 245
None 0 0 209 Mutations in the S. pombe N-terminal domain can be
rescued by human CAP, but the N-terminal domain ofThe number of acuE593/acuE636 flies observed at each stage is given
the S. cerevisiae protein appears to be divergent, asas a percentage of the expected viability, which would be half the
number of flies carrying a balancer chromosome. The cross with no its function cannot be rescued by S. pombe or mouse
rescuing construct contained the da-GAL4 line. homologs (Kawamukai et al., 1992; Vojtek and Cooper,
1993; Yu et al., 1994). The C-terminal domains of the
yeast CAP proteins sequester actin monomers to inhibit
actin filament polymerization, and this function is con-l(2)06955 and l(2)k01217, that had both been mapped
served in the mouse, human, pig, and Dictyosteliumto chromosomal position 21F1±2. Genomic DNA sur-
homologs (Vojtek et al., 1991; Gieselmann and Mann,rounding these insertions was isolated by plasmid res-
1992; Vojtek and Cooper, 1993; Yu et al., 1994; Freemancue and by subcloning homologous fragments of a P1
et al., 1995; Gottwald et al., 1996; Zelicof et al., 1996).phage clone mapping to 21F1±2. Comparison of the
To test whether Drosophila CAP also controls actinsequence of these fragments to the Berkeley Drosophila
filament polymerization, we used rhodamine-conju-genome project database allowed us to align a transcript
gated phalloidin to stain actin filaments (Verderame etthat had been sequenced by the genome project onto
al., 1980) in cells in the eye disc. Phalloidin outlines thethe genomic DNA surrounding the P elements. Both P
apical surfaces of wild-type photoreceptor cells, reveal-elements are inserted in the first intron of this transcript,
ing their constriction in the furrow (Figure 3A) (Heberleindownstream of an untranslated 85 bp exon (Figure 2A).
et al., 1995; Pan and Rubin, 1995). In acu mutant clonesThe transcript encodes a homolog of the cyclase-asso-
of cells, the intensity of phalloidin staining was greatlyciated protein (CAP) originally identified in yeast and
increased (Figures 3D, 3E, and 3F). Actin filaments ap-subsequently found in other species (Figure 2B) (Gerst
peared to fill the cell bodies, particularly near the apicalet al., 1991; Matviw et al., 1992; Vojtek and Cooper,
surface of the disc, rather than being restricted to a1993).
small region of each ommatidium. Thus, acu is requiredTo confirm that this CAP homolog corresponded to
to prevent excessive actin filament polymerization in thethe acu gene, we sequenced genomic DNA amplified
eye disc. The other acu phenotypes we observed mayfrom this region from flies carrying our two EMS-induced
also be due to an effect on actin polymerization; bristlesalleles of acu, and found a nonsense mutation in each
are actin-based structures, and the actin cytoskeletonthat would truncate the CAP protein roughly one third
is required for transport of molecules from the nurseof the way through (Figure 2B). We also characterized
cells to the oocyte during oogenesis (Cooley et al., 1992).the expression of the CAP transcript by in situ hybridiza-
tion (Figure 2C). Uniform expression was observed in
early embryos, probably reflecting maternally contrib- The C-Terminal Domain of Acu Is Sufficient
for Its Functionuted RNA. During gastrulation, the RNA appeared to be
concentrated at sites where cells invaginate into the Overexpression of UAS-acu throughout the early eye
disc using an eyeless-GAL4 driver (Hazelett et al., 1998)embryo. Later, expression was strongest in the central
nervous system. Embryos homozygous for the P ele- had no effect on photoreceptor differentiation (data not
shown), suggesting that Acu activity is either regulatedment insertion l(2)06955 showed greatly reduced tran-
script levels at this stage (Figure 2C). In the eye disc, or not limiting. CAP activity is thought to be regulated
by binding to phosphatidylinositol biphosphate (PIP2),CAP RNA expression appeared strongest anterior to
the morphogenetic furrow (Figure 2C). Because we see which inhibits its function. Deletion of the N-terminal and
proline-rich regions of the Dictyostelium CAP proteinmutant phenotypes in acu cells posterior to the furrow,
it is likely either that acu functions early in development protects it from inhibition by PIP2, increasing its ability
to sequester actin monomers in vitro (Gottwald et al.,but the effects of its absence are still apparent later, or
that the CAP protein perdures in cells that are no longer 1996). We generated transgenic flies expressing only
the corresponding C-terminal domain of Acu under UAStranscribing the gene. Finally, we generated transgenic
fly lines expressing the full-length CAP transcript under regulatory elements (UAS-acuC) to determine whether
it would act as a constitutively active form of the protein.the control of UAS sequences (Brand and Perrimon,
1993). Driving the expression of this transcript ubiqui- This truncated protein includes the region homologous
to an SH3-binding domain that is required for yeast CAPtously throughout development using daughterless (da)-
GAL4 (Wodarz et al., 1995) was sufficient to rescue localization to cortical actin patches (Freeman et al.,
1996; Yu et al., 1999). However, expression of UAS-acuCacuE593/acuE636 transheterozygotes to viability, although
the rescued adults sometimes exhibited wing or eye in the eye disc using ey-GAL4 or ubiquitously using da-
GAL4 had no apparent effect on development (data notdefects (Table 1, Figure 3B, and data not shown). Based
on the disruption of sequence or expression of the CAP shown). As our results described below show that the
AcuC protein is functional, this may indicate that Acutranscript by three acu mutant alleles and on its ability
acu Controls Cell Shape and Differentiation
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Figure 3. acu and chic Have Opposite Effects on Actin Polymerization
Third instar eye discs stained with phalloidin in red. Neuroglian is stained in green in (B) and (C). Mutant clones are marked by the absence
of green anti-b-galactosidase staining in (E), (H), and (K). (A) wild type; (B) acuE593/acuE636, UAS-acu1; da-GAL4/1; (C) acuE593/acuE636; da-GAL4/
UAS-acuC3. Full-length Acu can rescue the acu mutant phenotype (B); although rescue with the C-terminal domain of Acu leads to normal
photoreceptor differentiation, the level of phalloidin staining is higher than normal (C). (D and E) acu mutant clones; (F) acu mutant clones in
a Minute background; (G and H) chic mutant clones; (I) chic mutant clones in a Minute background; (J±K) acu, chic double mutant clones; (L)
acu, chic double mutant clones in a Minute background. Loss of acu causes excessive actin polymerization (D±F) and loss of chic causes a
reduction in actin polymerization (G±I). The chic phenotype is epistatic to acu (J±L). Arrows indicate the position of the morphogenetic furrow.
is not regulated in the same way as other CAP proteins. premature photoreceptor differentiation (Pan and Rubin,
1995; Strutt et al., 1995). A reduction in adenylate cy-The role of PIP2 in eye development is not yet clear; a
phospholipase C encoded by small wing appears to clase activity, leading to lowered cAMP levels, could
perhaps have a similar effect. However, we observednegatively regulate the formation of the R7 photorecep-
tor (Thackeray et al., 1998), and a PIP 5-kinase encoded premature photoreceptor differentiation only in acu
clones overlapping the morphogenetic furrow, sug-by skittles is required for cell survival in the eye (Hassan
et al., 1998). gesting that this differentiation is still dependent on sig-
nals from more posterior cells. In contrast, pka mutantBecause the N-terminal domains of the yeast CAP
proteins stimulate adenylate cyclase activity, it was pos- clones entirely anterior to the furrow are able to differen-
tiate as photoreceptors (Pan and Rubin, 1995; Strutt etsible that an effect on adenylate cyclase could contrib-
ute to the acu mutant phenotype. Cyclic AMP-stimu- al., 1995). To test the role of the N-terminal domain of
Acu, we tried to rescue the acu mutant phenotype bylated protein kinase (PKA) has been shown to antagonize
Hh signaling in the eye, and loss of PKA function leads to constitutively expressing only the C-terminal domain.
Cell
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Figure 4. Disruptions of Actin Polymerization Lead to Uncoordinated Photoreceptor Differentiation
All panels show third instar eye discs. (A)±(C) show chic mutant clones marked by lack of phalloidin staining (red) (B and C). Green anti-b-
galactosidase staining shows the pattern of dpp-lacZ expression. (A and C). dpp is expressed more anteriorly in chic mutant regions. (D and
E) chic mutant clones in a Minute background stained with anti-Atonal (D) or anti-Elav (E) in brown and with X-gal to reveal dpp-lacZ expression
in blue (E). The pattern of differentiation is disorganized and the discs are small. (F) ey-GAL4; UAS-Drac1N17 eye disc stained with anti-Elav
(brown) and with X-gal to reveal dpp-lacZ expression (blue). Cells show abnormal and uncoordinated expression of these markers (compare
Figure 1D).
Expression of UAS-acuC under the control of da-GAL4 cells doubly mutant for acu and chic showed predomi-
nantly the chic phenotype of lack of phalloidin staining,was sufficient to rescue acuE593/acuE636 transheterozy-
although some cells near the edges of the clone showedgotes to viability (Table 1) and to restore normal photore-
high levels of staining (Figures 3J, 3K, and 3L). Thus,ceptor differentiation (Figure 3C). The C-terminal domain
profilin is required for normal actin polymerization evenmay be slightly less active than the full-length protein,
in the absence of monomer sequestration by CAP.as one of the UAS-acuC insertions tested could only
Surprisingly, we found that chic clones overlappingrescue acu mutants to the pupal stage (Table 1) and did
the morphogenetic furrow, like acu clones, disruptednot restore normal phalloidin levels to their eye discs
the timing of photoreceptor differentiation, leading to(Figure 3C). The defects we observe in our acu mutants
early expression of markers such as dpp-lacZ, Ato, andthus appear to be due only to loss of function of the
Elav (Figures 4A±4C and data not shown). Large chicC-terminal domain of Acu, as they can be rescued by
clones made in a Minute background showed a disorga-restoring this domain. However, we cannot rule out the
nization and reduction of photoreceptor differentiation,possibility that the truncated proteins produced in these
and an uncoupling of the expression patterns of dpp-mutants retain some N-terminal domain activity and that
lacZ and Elav (Figures 4D and 4E).additional phenotypes might be seen if the Acu protein
To determine whether this uncoordinated differentia-were completely deleted.
tion was due to lack of actin polymerization, we made
use of the GTPases Rac and Cdc42, which are thought
Profilin Promotes Actin Polymerization to act through the kinase PAK to promote actin polymer-
and Is Required for Morphogenetic ization (Van Aelst and D'Souza-Schorey, 1997). We
Furrow Organization tested the effect of expressing a dominant-negative
Another protein implicated in the regulation of actin poly- form of the GTPase Drac1 (Luo et al., 1994) in the eye
merization is profilin, encoded by the Drosophila gene disc using ey-GAL4. This method of inhibiting actin poly-
chickadee (chic) (Cooley et al., 1992). Overexpression merization also resulted in uncoordinated differentia-
of profilin can rescue the defects caused by mutation tion, with an abnormal sequence of dpp-lacZ and Elav
of the C-terminal domain of yeast CAP (Vojtek et al., expression in some cells (Figure 4F). A dominant nega-
1991), suggesting that it may act to sequester actin tive form of Dcdc42 (Luo et al., 1994) had milder effects,
monomers in yeast (Carlsson et al., 1977). However, in while expression of activated forms of either Drac1 or
other systems, profilin appears to stimulate actin poly- Dcdc42 (Luo et al., 1994) with ey-GAL4 led to an extreme
merization (Theriot and Mitchison, 1993; Verheyen and reduction in the size of the eye disc (data not shown).
Cooley, 1994). We examined the phenotype of chic
clones in the eye disc. Unlike acu clones, they showed acu Is Required to Alter Cell Shape and Restrict
greatly reduced phalloidin staining (Figures 3G, 3H, and Hh Movement
3I). Profilin and CAP thus appear to have opposite ef- Since we observed premature photoreceptor differenti-
ation both in acu mutant clones, in which actin filamentfects on actin polymerization in the eye disc. Clones of
acu Controls Cell Shape and Differentiation
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Figure 5. acu and chic Affect Cell Shape in
the Morphogenetic Furrow
Third instar eye discs stained with anti-Arm
in red to outline cell membranes (A, B, C, and
D) with clones marked by lack of green anti-
b-galactosidase staining (B and D). (A) and
(B) show clones mutant for acu and (C) and
(D) show clones mutant for chic. White arrows
indicate the position of the morphogenetic
furrow.
levels are increased, and in chic clones, in which actin and small clones of acu mutant cells (Figures 6A±6F).
To test whether this ectopic anterior Hh was functional,filament levels are decreased, we wondered whether an
effect on cell shape might be common to both muta- we looked at the accumulation of full-length Cubitus
interruptus (Ci) protein. Such accumulation is normallytions. Using an antibody to the membrane-associated
protein Armadillo (Arm) (Peifer and Wieschaus, 1990), associated with a shift of Ci from its repressor to its
activator form, and is the earliest response to Hh recep-we observed that acu mutant cells in the region of the
morphogenetic furrow did not undergo the normal shape tion that can be visualized (Motzny and Holmgren, 1995;
Aza-Blanc et al., 1997). In clones of cells mutant for acu,changes, and instead retained large apical profiles (Fig-
ures 5A and 5B). The same phenotype was observed in we observed accumulation of Ci more anteriorly than in
surrounding wild-type cells (Figures 6G±6I). chic mutantchic mutant clones (Figures 5C and 5D). This suggests
both that coordinated alterations in actin filaments are cells did not themselves accumulate Ci, suggesting that
actin filaments may be required for the response to Hh,required for apical constriction of cells in the morphoge-
netic furrow, and that this cell shape change is important but wild-type cells anterior to chic clones showed preco-
cious Ci accumulation (data not shown). Ectopic Hhin controlling the pattern and timing of differentiation.
One hypothesis that might explain these results is signaling has been shown to be sufficient to induce
apical constriction of surrounding cells (Heberlein et al.,suggested by the observation that Hh is a concentration-
dependent regulator of ato (Dominguez, 1999; Green- 1995; Pan and Rubin, 1995). Consistent with the pres-
ence of ectopic Hh in the clones, we observed apicalwood and Struhl, 1999). The extent of Hh diffusion is
thus critical to determine the position, and therefore the constriction of cells at the lateral edges of acu and chic
mutant clones (Figure 5) and anterior to smaller clonesdevelopmental stage, at which photoreceptors differen-
tiate. The Hh protein is modified by cholesterol addition (data not shown). It thus appears that apical constriction
of cells in the morphogenetic furrow prevents long-range(Porter et al., 1996) and N-terminal acylation (Pepinsky
et al., 1998), and its movement through tissues appears Hh movement, perhaps by increasing the number of rate-
limiting active transport steps required (Figure 7).to be a highly regulated process requiring the sterol-
sensing-domain protein Dispatched (Burke et al., 1999)
and heparan sulfate proteoglycan synthesis by the prod-
uct of the tout velu (ttv) gene (Porter et al., 1996; Bel- Role of Cell Shape in Coordinating
Photoreceptor Differentiationlaiche et al., 1998; The et al., 1999). The rate-limiting
step for Hh movement might therefore be transfer be- Although this effect on Hh movement could explain the
premature photoreceptor differentiation we observed intween cells rather than diffusion through the extracellu-
lar space. Constriction of the apical profiles of cells the absence of acu, we also considered several alterna-
tive hypotheses. One possibility is that free actin couldincreases the density of their packing at the apical sur-
face, where signaling is thought to occur; it would thus exert a signaling effect in the eye disc; it has been re-
ported to regulate the activity of serum response factorincrease the number of such transfers required to travel
a given distance. (Sotiropoulos et al., 1999). Our results with profilin mu-
tants argue against this possibility. Because oppositeUsing an antibody to Hh, we indeed observed a tight
band of Hh protein at the morphogenetic furrow in wild- changes in the extent of actin filament polymerization
in acu and chic mutant cells cause a similar disruptiontype cells, and more anterior Hh staining in both large
Cell
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Figure 6. Hh Is Present and Active Anteriorly
in acu Mutant Clones and H Expression Is
Not Lost
(A)±(L) show third instar eye discs with acu
mutant clones marked by lack of red anti-b-
galactosidase staining (B, C, E, F, H, I, K, and
L). (A), (C), (D), and (F) are stained with an
antibody to the N-terminal domain of Hh in
green, (G) and (I) are stained with an antibody
to full-length Ci in green, and (J) and (L) are
stained with an antibody to H in green. White
arrows indicate the position of the morphoge-
netic furrow. Hh is observed anterior to the
morphogenetic furrow in both large (A±C) and
small (D±F) clones mutant for acu, and can
upregulate full-length Ci there (G±I). However,
lack of acu does not result in the loss of H
expression (J±L). Lower levels of Hh expres-
sion in acu clones posterior to the furrow are
due to the loss of photoreceptor clusters
there (compare Figure 1A).
of both cell shape and the timing of photoreceptor differ- chain, causes eye phenotypes normally associated with
disruption of morphogenetic furrow progression (Ed-entiation, their effects on differentiation are most likely
to be due to the lack of coordinated changes in cell wards and Kiehart, 1996).
The shape of embryonic mesenchymal cells has re-shape. Consistent with this model, a reduction in the
amount of another cytoskeletal protein, myosin light cently been shown to be critical to direct their differenti-
Figure 7. Model for the Effect of acu on Pho-
toreceptor Differentiation
Drawing of the apical profiles of cells in the
eye disc adapted from Wolff and Ready
(1991) showing the apical constriction of cells
in the morphogenetic furrow (bracket). Actin
filament polymerization is promoted by Chic
and inhibited by Acu; both polymerization
and depolymerization appear to be required
for normal apical constriction. Hh produced
by photoreceptors moves anteriorly in a pro-
cess presumed to require Ttv for transfer from
cell to cell (Bellaiche et al., 1998). Hh activates
the Ci protein, which then promotes the tran-
scription of ato and dpp. Lack of apical con-
striction would reduce the number of inter-
cellular transfers required for Hh to reach
anterior cells, allowing it to induce premature
photoreceptor differentiation.
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P(y1) females, and the offspring were heat-shocked for 1 hr at 378Cation into smooth muscle (Yang et al., 1999), perhaps
in both the first and second larval instars. To generate germlinebecause mechanical tensions activate certain signaling
clones mutant for acu, FRT40, acu/CyO females were crossed topathways (Wang et al., 1993; Zhu and Assoian, 1995).
hsFLP122/Y;FRT40, ovoD/CyO males. Larvae were heat-shocked for
Thus, cell shape changes in the morphogenetic furrow 1 hr at 378C in both first and second instars, and non-Cy female
might have a direct effect on photoreceptor differentia- offspring were tested for egg laying. No phenotypic differences
between acuE593 and acuE636 were observed. To rescue the acu mu-tion. Loss of both Hairy (H) and Extramacrochaetae
tant phenotype, da-GAL4; acuE593/SM6-TM6B flies were crossed to(Emc), two HLH proteins that inhibit Ato function, can
UAS-acu or UAS-acuC, acuE636/SM6-TM6B. Larvae, pupae andproduce similar precocious photoreceptor differentia-
adults not exhibiting the SM6-TM6B markers were acu mutant trans-tion (Brown et al., 1995), and it is possible that cell shape
heterozygotes expressing UAS-acu or UAS-acuC. Two independent
might influence their expression. However, both H and insertions of each transgene were tested.
Emc were still present, though H expression was slightly
reduced, in acu mutant clones (Figures 6J±6L and data
Immunohistochemistry, Histology, and In Situ Hybridizationnot shown). This may indicate that sufficient levels of
Third instar larval eye discs were stained with antibodies and X-gal
Hh to completely inhibit H expression (Heberlein et al., as described (Hazelett et al., 1998). Antibodies used were rat anti-
1995; Greenwood and Struhl, 1999) are not attained in Elav (1:1) (Robinow and White, 1991), mouse anti-Neuroglian
(BP104; 1:1) (Bieber et al., 1989), rabbit anti-Atonal (1:5000) (Jarmanthese cells. Consistent with this, the effects of acu on
et al., 1994), rabbit anti-b-galactosidase (1:5000) (Cappel), mousethe direct Hh targets dpp and Ato are more robust than
anti-b-galactosidase (1:200; Promega), rat anti-Ci (1:1) (Motzny andits effects on later markers of differentiation that require
Holmgren, 1995), rabbit anti-Nhh-1 (1:2000) (gift of T. Tabata), mouseAto activity for their expression (Figure 1) (Jarman et al.,
anti-H (1:4) (Brown et al., 1995), rabbit anti-Emc (1:1000) (Brown et
1994). al., 1995), and mouse anti-Arm (1:1) (Peifer and Wieschaus, 1990).
Another possibility is that actin-based projections TSA enhancement was used for the anti-Nhh-1 antibody, and the
detergent used for anti-Arm and anti-Nhh-1 was 0.1% saponin. Rho-similar to the cytonemes described for the Drosophila
damine-conjugated phalloidin (Sigma) was used at a concentrationwing disc (Ramirez-Weber and Kornberg, 1999) could
of 0.3 mM. Fluorescence images were obtained on a Leica TCS NTcontribute to the reception of Hh or other signals and
confocal microscope. For in situ hybridization, an antisense RNAwould be disrupted by changes in actin filament poly-
probe labeled with digoxigenin-UTP encompassing the entire acu
merization. However, no region of the eye disc appears cDNA was used. Embryos were hybridized as described by Ronchi
to be able to induce cytoneme formation (Ramirez- et al. (1993), and eye discs were hybridized as described by Maurel-
Zaffran and Treisman (2000). Adult wings were mounted in methylWeber and Kornberg, 1999). Thus, an effect of cell shape
salicylate:Canada balsam (1:2).changes on the rate of Hh transport remains the most
likely explanation of these results. In the wing disc, ex-
pression of the Patched (Ptc) receptor is upregulated Molecular Biology
Plasmid rescue from the l(2)06955 and l(2)k01217 lines was per-anterior to Hh-expressing cells; Ptc then sequesters Hh
formed as described (Mlodzik et al., 1990), and rescued fragmentsto restrict its movement (Chen and Struhl, 1996). Ptc
were used to screen plasmids generated by subcloning Bam HIupregulation does not appear to occur in the eye disc
fragments of the P1 clone DS04202 into pBluescriptSK1 (Stra-(data not shown); in a dynamic system like the eye, cell
tagene). The CAP cDNA clones were obtained from the Berkeley Dro-
shape changes may be a more rapid way to restrict sophila genome project (GenBank accession number AF132566). Se-
Hh movement than changes in ptc gene expression. quencing of the genomic region was used to determine exon±intron
boundaries. The coding region of acu was amplified by PCR fromResolving the mechanisms by which cell shape can af-
DNA obtained from second instar acuE593/acuE636 larvae and fromfect differentiation will integrate the morphogenetic and
acuE593/CyO and acuE636/CyO adult flies, subcloned and sequencedsignaling processes that are critical for development.
to identify the point mutations. The entire acu cDNA was cloned
into pUAST as an EcoRI/XhoI fragment to generate UAS-acu. The
C-terminal domain of Acu was amplified by PCR, using a 59 primerExperimental Procedures
with an EcoRI site and the sequence CAACATG followed by the acu
sequence beginning at base pair 931, encoding amino acid 207,Genetics
and a 39 primer ending at the stop codon and introducing an XhoIThe mosaic screen for mutations affecting early eye development
site. The PCR product was cloned into pUAST as an EcoRI/XhoIwill be described in detail elsewhere. In brief, males carrying an FRT
fragment to generate UAS-acuC, and the sequence of the clonedsite at position 40 were mutagenized with 35 mM EMS and crossed
fragment was confirmed. Transgenic flies were generated by stan-to females carrying the same FRT site, a P(w1) element at position
dard methods and confirmed by PCR.28A, and FLP recombinase driven by the eyeless (ey) promoter (New-
some et al., 2000) on the X chromosome. Flies were screened in
the next generation for scars or head cuticle in the eye in conjunction Received December 14, 1999; revised March 15, 2000.
with the absence of photoreceptors in w2 clones. Two alleles of
acu, acuE593 and acuE636, were recovered from a screen of 77,000
flies. Other fly stocks used were chic221 (Verheyen and Cooley, 1994), Acknowledgments
l(2)06955, l(2)k01217 (Flybase), UAS-Drac1N17, UAS-Drac1V12, UAS-
Dcdc42N17, UAS-Dcdc42V12, (Luo et al., 1994), da-GAL4 (Wodarz et We thank Nick Baker, Mary Baylies, Sean Carroll, Barry Dickson,
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crossed to eyFLP;FRT40, P(arm-lacZ) (Figures 1A, 3D, 3E, 3G, 3H, stocks and reagents. We are grateful to Michelle Starz-Gaiano and
Ruth Lehmann for help with confocal microscopy, and to Buzz Baum3J, 3K, 5, and 6), or to eyFLP;FRT40, M(2)24F, P(arm-lacZ)/CyO
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